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Cell and Molecular Physiology, Loyola University Chicago, Maywood, IllinoisABSTRACT Existing theory suggests that mitochondria act as significant, dynamic buffers of cytosolic calcium ([Ca2þ]i) in
heart. These buffers can remove up to one-third of the Ca2þ that enters the cytosol during the [Ca2þ]i transients that underlie
contractions. However, few quantitative experiments have been presented to test this hypothesis. Here, we investigate the in-
fluence of Ca2þ movement across the inner mitochondrial membrane during both subcellular and global cellular cytosolic Ca2þ
signals (i.e., Ca2þ sparks and [Ca2þ]i transients, respectively) in isolated rat cardiomyocytes. By rapidly turning off the mitochon-
dria using depolarization of the inner mitochondrial membrane potential (DJm), the role of the mitochondria in buffering cytosolic
Ca2þ signals was investigated. We show here that rapid loss of DJm leads to no significant changes in cytosolic Ca
2þ signals.
Second, we make direct measurements of mitochondrial [Ca2þ] ([Ca2þ]m) using a mitochondrially targeted Ca
2þ probe
(MityCam) and these data suggest that [Ca2þ]m is near the [Ca
2þ]i level (~100 nM) under quiescent conditions. These two find-
ings indicate that although the mitochondrial matrix is fully buffer-capable under quiescent conditions, it does not function as a
significant dynamic buffer during physiological Ca2þ signaling. Finally, quantitative analysis using a computational model of mito-
chondrial Ca2þ cycling suggests that mitochondrial Ca2þ uptake would need to be at least ~100-fold greater than the current
estimates of Ca2þ influx for mitochondria to influence measurably cytosolic [Ca2þ] signals under physiological conditions. Com-
bined, these experiments and computational investigations show that mitochondrial Ca2þ uptake does not significantly alter
cytosolic Ca2þ signals under normal conditions and indicates that mitochondria do not act as important dynamic buffers of
[Ca2þ]i under physiological conditions in heart.INTRODUCTIONThe large negative potential (DJm ~180 mV) across the
inner mitochondrial membrane (IMM) generates a huge
driving force for Ca2þ entry into the mitochondrial matrix
from the cytosol. The pathway through which Ca2þ travels
into the matrix is an extremely selective Ca2þ channel (1)
called the mitochondrial calcium uniporter (MCU) channel
(2–4) that has been recently characterized (5). Depending on
the experimental conditions, the open probability (PO) of the
MCU can range from as high as 0.9 to 0.09 (or less) with
a single channel conductance of ~6–7 pS (at 105 mM
[Ca2þ]i), and it is estimated that there are ~200 MCU chan-
nels per cardiac mitochondrion (6). Examination of the
[Ca2þ]i transients in heart cells shows that when MCU chan-
nels are knocked down by siRNA methods, the [Ca2þ]i tran-
sients increase by ~1/3 (7) suggesting the mitochondria act
as a large dynamic buffer under physiological conditions.
Although this conclusion in heart is supported by earlier in-
vestigations (8–10), mathematical modeling (11–13), and
complementary genetic investigations (14) and remains aSubmitted April 28, 2014, and accepted for publication July 22, 2014.
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0006-3495/14/09/1289/13 $2.00dominant conclusion in the literature (see existing measure-
ments of mitochondrial Ca2þ uptake section in the Support-
ing Material), critical quantitative investigations are needed
to test this finding.
In heart, mitochondria are abundant and experience
frequent elevations of [Ca2þ]i with every heartbeat, making
cardiomyocytes appear to be the ideal cell type in which to
study mitochondrial Ca2þ uptake. Additionally, the inter-
myofibrillar mitochondria (IFM) are in close proximity
(~50–100 nm) to the source of these [Ca2þ]i elevations, the
junctional sarcoplasmic reticulum (jSR) (15). The jSR con-
tains a cluster of SR Ca2þ release channels, the ryanodine re-
ceptors (RyR2), that face the T-tubule and the L-type calcium
channels (6,16,17) and together constitute the SR Ca2þ
release unit (CRU). The elementary Ca2þ release events
(i.e., Ca2þ sparks) that underlie cellular contraction in heart
originate from these CRUs. The IFM’s physical proximity
to the CRU is thought by many to create preferential uptake
of Ca2þ by the mitochondria, which is facilitated by special-
ized tethering structures (18). When a Ca2þ spark occurs, the
microdomain of elevated [Ca2þ]i is centered on the CRU, but
it also increases the Ca2þ bathing the ends of the IFM. This
brief elevation of local [Ca2þ]i estimated at ~10 mM (6)
further increases the existing electrochemical gradient favor-
ing Ca2þ entry into the mitochondria. If the mitochondrialhttp://dx.doi.org/10.1016/j.bpj.2014.07.045
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the time course and magnitude of the Ca2þ sparks and the
[Ca2þ]i transients. Moreover, following termination of
Ca2þ sparks, elevated efflux of Ca2þ from the mitochondria
will produce sustained increases of [Ca2þ]i in the vicinity
of the jSR. These sustained, local [Ca2þ]i elevations will
then have the potential to further influence the Ca2þ-sensitive
gating of RyR2s and L-type calcium channels thereby
promoting the formation of Ca2þ-dependent arrhythmias
(19–21) and may underlie the hypothesized MARKS or
mitochondrial Ca2þ sparks (22). Although the hypothesis
of large dynamic Ca2þ buffering by the mitochondria under
physiological conditions is appealing and supported by
many reports, it has not been tested quantitatively.
The prevailing hypothesis of large dynamic Ca2þ buff-
ering by the mitochondria under physiological conditions,
if correct, has profound implications for heart physiology
and function. However, support of this hypothesis is by no
means universal, and other investigations (23–26) have re-
ported modest mitochondrial Ca2þ fluxes, including a recent
quantitative analysis of past studies (6), which concluded
that mitochondrial Ca2þ fluxes under physiological condi-
tions are unlikely to alter [Ca2þ]i significantly. To investi-
gate this controversy, we have developed new, to our
knowledge, methods to rapidly turn off mitochondria in
living cells while simultaneously resolving [Ca2þ]i signals
at high temporal resolution. This was done in small subcel-
lular regions of interest (ROI) as well as in cell-wide regions
while maintaining other normal cellular functions. This
approach has enabled us to examine how mitochondria
affect subcellular and cell-wide [Ca2þ]i signals in healthy,
functioning heart cells. The methods also provide us with
a way of controlling for confounding factors such as cyto-
solic reactive oxygen species (ROS) and ATP levels.MATERIALS AND METHODS
A detailed description of the materials and methods used here can be found
in the expanded Supporting Material. Briefly, rat ventricular myocytes were
isolated using standard enzymatic approaches (27). Electrophysiological
experiments were performed using standard protocols with an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Imaging was
done with a Zeiss LSM 510 inverted confocal microscope (Carl Zeiss,
Jena, Germany). Ca2þ sparks and [Ca2þ]i transients were acquired using
the line-scan mode. [Ca2þ]i transients were measured using 60 mM
Fluo-4 pentapotassium salt (Fluo-4 K, Thermo Fisher Scientific, Carlsbad,
CA) and single-microelectrode voltage-clamp method. Ca2þ sparks were
measured in quiesent cells using the acetoxymethyl (AM) ester form of
the Ca2þ indicator Fluo-4 (Fluo-4 AM) to load the cells with Fluo-4. All
experiments were conducted at room temperature. Computational simula-
tions were obtained using previously published mathematical models (see
the Supporting Material for more details).RESULTS
This investigation into the roles played by mitochondria in
shaping cardiac Ca2þ signals involves an examination ofBiophysical Journal 107(6) 1289–1301both local Ca2þ signals such as Ca2þ sparks and global
Ca2þ signals such as [Ca2þ]i transients. In these studies,
[Ca2þ]i in the cytosol and [Ca
2þ]m in mitochondria are
both imaged, whereas mitochondrial function is simulta-
neously measured using fluorescent indicators. This allows
Ca2þ dynamics in the cytosol and in mitochondria to be
examined when mitochondria are active and when they
are turned off.Turning off mitochondrial Ca2D uptake in single
rat ventricular myocytes
To investigate how mitochondrial Ca2þ uptake affects cyto-
solic Ca2þ signaling in otherwise healthy ventricular myo-
cytes the normal mitochondrial Ca2þ influx in a ROI was
turned off. This was accomplished by subjecting the ROI
to photon stress by illuminating the ROI repetitively with
543 nm light. This method takes advantage of the intrinsic
optical properties of mitochondria loaded with the fluores-
cent potentiometric indicator tetramethylrhodamine methyl
ester (TMRM) (28–30). When illuminated with 543 nm
light, individual TMRM-loaded mitochondria within the
ROI depolarize in a time- and illumination intensity-depen-
dent manner. Depolarization is reported by the loss of
TMRM fluorescence in the depolarized mitochondria
(28,29). The depolarization is observed as a sudden (near
step) loss of TMRM fluorescence. The normal mitochon-
drial Ca2þ uptake is thus rapidly turned off because the elec-
trochemical gradient favoring Ca2þ entry into mitochondria
is lost as the mitochondria depolarize. In addition, the PO of
the MCU channels is reduced sharply when the voltage
gradient across the IMM is abolished (1,31). This means
that in a depolarized mitochondrion both the driving force
favoring Ca2þ entry and the normal conductance pathway
for Ca2þ entry into mitochondria are lost. Nevertheless,
because the depolarization of the mitochondria is largely
due to the opening of the mitochondrial permeability transi-
tion pore (mPTP), [Ca2þ]m will tend to approach [Ca
2þ]i
when the mitochondria depolarize. This occurs because
mPTP is a large and nonselective conductance pathway
spanning the IMM. The cytosolic Ca2þ signals in these
cells were then investigated at high temporal and spatial
resolution.Selective depolarization of cardiac mitochondria
Figure 1 A(i) shows subsarcolemmal mitochondria and in-
termyofibrillar mitochondria (SSM and IFM, respectively)
and the confluent, tightly packed perinuclear mitochondria
during diastole. The polarized mitochondria (bright red/yel-
low) have accumulated TMRM (28). Figure 1 A(ii) (middle)
shows the Fluo-4 fluorescence image obtained simulta-
neously revealing the low [Ca2þ]i level seen in the same
cell. Both images are superimposed in Fig. 1 A(iii) revealing
the mitochondrial-free region in the nucleus. The dashed
A B C
D
FIGURE 1 Turning off DJm with light: effects on local cytosolic Ca
2þ
signals in cardiac ventricular myocytes. (A) A 9  3 mm ROI is identified
in (i) by the box formed by a dashed white line. The polarized mitochondria
throughout the rat ventricular myocyte are loaded with TMRM. (ii). Fluo-4
is imaged in the same cell to reveal the local and cell-wide [Ca2þ]i signal.
(iii) Images from panels (i) and (ii) are superimposed. (B) (i) The boxed re-
gion (dashed white line) indicates the depolarized (dark) mitochondria in
the ROI. The DJm, before (A) and after the laser illumination protocol
(B). (i) TMRM signals, showing loss of DJm only in the region that under-
went sequential scans with the 543 nm laser (dashed lines) at 0.625 Hz until
complete mitochondrial depolarization. (ii) Fluo-4 signals, showing the
order and location of line-scan Ca2þ spark measurements. (iii) Overlay.
(C) Surface plots of the average Ca2þ sparks measured as DF/F0 using
Fluo-4 (n > 200 Ca2þ sparks). Ca2þ spark measurements are done before
photon stress (Control), and resume 5 s postdepolarization in either the
nondepolarized distal region (PDD Control) or within the depolarized
ROI (Depolarized). Subsequent alternating measurements between PDD
Control and Depolarized ROIs are every 15 s. (D) Ca2þ spark (i) profiles
and (ii) properties affected by localized mitochondrial depolarization
(n ¼ 40 cells).
Calcium Movement In Cardiac Mitochondria 1291white box in Fig. 1 A(i) shows the ROI in which the mito-
chondria will be turned off by photon stress before it occurs.
Fig. 1 B(i) shows the loss of TMRM fluorescence in the
same ROI after the mitochondria in that region have been
turned off. The confocal images in Fig. 1 A are from a
centralized z plane, as indicated by the visible nuclei. The
three rows of tightly packed and evenly spaced mitochon-
dria that loose TMRM fluorescence are primarily IFM, but
the region (especially regions positioned near the surface
of the cell such as the example shown in Fig. 1 A) likely
contain some subsarcolemmal mitochondria. Note that
each ROI in which mitochondria are depolarized by illumi-
nation is positioned differently in each cell (n ¼ 40 cells).
No ROI was located in perinuclear regions to avoid depola-
rizing perinuclear mitochondria that have no nearby CRUs.Photon stress is a widely used tool to investigate mitochon-
drial behavior (29,30,32) and acts by the production of ROS
(including singlet oxygen and superoxide) from ground state
(triplet) oxygen when TMRM absorbs photons, enters a
triplet state, and then transfers energy to the oxygen. Photon
stress thus generates ROS in the mitochondria, which leads
to mitochondrial depolarization, presumably through the
ROS-dependent opening of mPTP (29,33) (see Fig. S1 in
the Supporting Material for details).Influence of mitochondrial depolarization on
Ca2D sparks
Ca2þ sparks were examined in the depolarized ROI as
shown in the example in Fig. 1 and compared to Ca2þ sparks
elsewhere in the cell before and after depolarization of mito-
chondria in the ROI. The expectation, based on conventional
wisdom (7), is that Ca2þ sparks in the depolarized ROI
should have a greater amplitude just as [Ca2þ]i transients
have been reported to be larger when MCU was knocked
down. In stark contrast to this expectation, the opposite
was found. The average amplitude of Ca2þ sparks in the
depolarized ROI was significantly less than in the control re-
gion before the ROI depolarization.
Analysis of Ca2þ spark characteristics in the control re-
gion (following the depolarization of mitochondria only in
the ROI, Fig. 1 B(i)) showed that there were also changes
to these Ca2þ sparks. The changes (smaller amplitude,
higher frequency) are shown in Fig. 1, C and D, and
Fig. S3 indicating that other features were not changed.
Of importance, the effects on Ca2þ sparks were consistent
regardless of the cell region in which the mitochondria
had been depolarized. These postdepolarization Ca2þ sparks
in the distal control region that had not been depolarized
also changed and provided additional evidence that the
mitochondrial Ca2þ uptake capacity did not underlie the
changes in Ca2þ sparks that were observed. Instead, these
changes suggest that the entire cell was exposed to a diffus-
ible factor that alters Ca2þ signaling. Given the ROS gener-
ation by the photon stress in the ROI, the likely source for
this signal was ROS generated in the ROI. The ROS concen-
tration is expected to be the highest in the ROI and would
have diffused down its concentration gradient, interacting
with Ca2þ signaling proteins along the way (see Discus-
sion). This is consistent with earlier reports by others
(29,30). If these interpretations are true, it should then be
possible to measure the ROS generated by the photon stress
in the region of photon stress (ROI-1) and at a site within the
same cell distant from the photon stress (ROI-2). The ROS
level in ROI-1 should be greater than the ROS in ROI-2.ROS and Ca2D sparks
Time-dependent changes in ROS levels were examined
in single cells using the membrane-permeant indicatorBiophysical Journal 107(6) 1289–1301
 Control (ROI-1, before depolarization) 
 PDD Control (ROI-2, after depolarization) 
 Depolerized (ROI-1, after depolarization) 
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FIGURE 2 ROS production during TMRM laser illumination and the
effect of ROS scavenging on Ca2þ sparks. (A) Confocal images of intact
rat ventricular myocytes simultaneously loaded with TMRM and the
ROS indicator DCF during laser illumination. Whole-cell images are ac-
quired every 19 s, although the images of a region near the center of the
cell (not shown, indicated by white box) are acquired faster (every ~3 s).
Top: Cell FTMRM showing spatially resolved DJm. Bottom: DCF fluores-
cence at given time points. ROI-1 is the region scanned rapidly that is
shown to depolarize. ROI-2 is a region distant from ROI-1 that does not
depolarize. This is the region that is identified as the postdepolarization,
distant (PDD control) region. (B) Time courses of changes in DJm (red
circles) and DCF fluorescence (green circles) outside (solid symbols) and
within the more frequently illuminated region (open symbols), n ¼ 9 cells.
(C) Altered Ca2þ sparks properties in the presence of the ROS scavenger
NAC (using the protocol described in Fig. 1). A p-value of <0.05 is indi-
cated by either * or # or &. The latter two symbols (# or &), are used to
indicate statistical significance between ROI-1 and the Control region
when the NAC concentration is 10 mM (#) or 50 mM (&). N ¼ 40 cells
for 0 mM NAC, 37 cells for 10 mM NAC, and 27 cells for 50 mM NAC.
The timing of Ca2þ spark measurements within a cell are the same as
in Fig. 1.
1292 Boyman et al.dichlorofluorescin (DCF) in Fig. 2 (see Methods and figure
legend for details of our approach). DCF reports on ROS in
the cytosol and within the mitochondria and TMRM was
used to measure DJm. ROI-1 was subjected to photon stress
for 200 s. Fig. 2 A shows the time course of changes in ROS
and DJm in ROI-1 (photon stress) and in ROI-2 (control)
viewed as sample images over the period examined
(200 s). Fig. 2 B shows the time course of the fluorescence
signals for the two ROI (open circles from ROI-1 the region
being depolarized; solid circles from ROI-2 the control re-
gion). In ROI-1 DCF fluorescence (green open circles)
and hence ROS increased with a half-time of 47 s. It has
increased by a third of its maximal change before there
was any change in mitochondrial depolarization as mea-
sured by TMRM fluorescence (red open circles). TMRM
fluorescence in ROI-1 decreased slowly with a half-time
of 130 s. When DCF fluorescence in ROI-1 has reached
its maximum, DJm has decreased by only a third of its
initial value. In the control ROI-2, which was scanned at
much lower frequency (every 19 s), there was no measurable
change in DJm, and there was only a very slow increase in
the DCF fluorescence. These data suggest that there is a
large increase in ROS locally in ROI-1 (with high photon
stress) before and during the time the mitochondria in
ROI-1 becomes depolarized and this suggests that the in-
crease in mitochondrial ROS underlies its depolarization.
There is only a small but still significant increase in ROS
in the control region ROI-2. The increase in ROS in
ROI-2 is likely due to the diffusion of ROS from ROI-1
(where the ROS was generated) to the rest of the cell. If
so, it is reasonable to consider that the effects of the ROS
oxidation should be greatest in ROI-1 and decrease as a
function of distance away from ROI-1. It was thus not sur-
prising that after ROS increased and mitochondria were
depolarized in the scanned region (dashed white ROI in
Fig. 1, A and B), that Ca2þ sparks in a control region
(blue trace and blue bars in Fig. 1 D) were altered. Earlier
work has demonstrated that SR Ca2þ release channels, the
RyR2s, are exquisitely sensitive to oxidation by ROS (34)
but the ROS effects could be prevented by treatment with
the cell-permeant antioxidant N-acetyl cysteine (NAC).
To test how important ROS was to the changes in Ca2þ
sparks seen in the control regions (see Fig. 1), experiments
were carried out with antioxidants. Fig. 2 C shows that
exposing heart cells to 10 and 50 mM NAC prevented
changes in the amplitude and frequency of Ca2þ sparks in
the control ROI-2 (blue bars) following mitochondrial depo-
larization in ROI-1. NAC did not prevent the changes in
Ca2þ spark amplitude and frequency in the depolarized
ROI-1 (red bars in Fig. 2 C and Fig. S3). These results sug-
gest that the ROS generated by the mitochondrial photon
stress were highly effective in oxidizing the RyR2s and
also other proteins in and around the nearby jSR, and that
in the absence of NAC the effect on Ca2þ sparks is observed
throughout the cell. It also indicates that the local ROSBiophysical Journal 107(6) 1289–1301
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they cannot be overcome by even a very high concentration
of NAC (50 mM). It is clear nevertheless that NAC has a
profound and concentration-dependent action to slow the
rate of mitochondrial depolarization produced by the photon
stress (Fig. S1 E). Here, NAC presumably acts within the
mitochondria matrix to slow depolarization. Of importance,
the mitochondrial consumption of oxygen by the electron
transport chain (ETC) is maintained even after depolariza-
tion and mPTP opening as suggested in Fig S2 A. Indeed,
respiration is uncoupled from ATP production following
depolarization as evidenced by increased oxygen consump-
tion that occurs with DJm depolarization as shown in
Fig. S2. Note that such an effect is not due to illumination
alone because it does not occur with illumination in the
absence of TMRM (Fig. S2 B).E
FIGURE 3 Ca2þ sparks in cardiac ventricular myocytes lacking polar-
ized mitochondria. (A) Confocal images of intact rat ventricular myocyte
simultaneously loaded with TMRM (left) and DCF (right). (B) Time course
of whole-cell changes in FTMRM (red circles) and in the rates of ROS pro-
duction measured as a baseline corrected DCF fluorescence slope (green
circles). The pharmacological treatment to dissipate DJm is carried out
during the period highlighted in gray (n ¼ 9 cells). (C) Top: Analysis of
TMRM distribution before and after the pharmacological treatment. Values
are normalized to FTMRM in the nucleus. Pixels with higher fluorescence in-
tensity are indicative of TMRM accumulation in polarized mitochondria.
Bottom: Simultaneously measured DCF distribution. (D) Ca2þ spark fre-
quency before and after global DJm dissipation with and without NAC
(n¼ 11 cells). (E) Ca2þ spark amplitude before and after global DJm dissi-
pation (n ¼ 11 cells).Mitochondrial depolarization without ROS
increase, a novel approach to halting
mitochondrial Ca2D uptake
Figs. 1 and 2 suggest that the decrease in Ca2þ spark
amplitude and increase in Ca2þ spark frequency observed
when mitochondria are depolarized by photon stress are due
to ROS acting on RyR2s and RyR2 regulating proteins.
To examine the action of mitochondrial depolariza-
tion in the absence of ROS generation, a novel, to our
knowledge, chemical cocktail (ROC: rotenone-oligomycin-
CCCP) was used. It consisted of the proton ionophore
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP
500 nM) to depolarize the mitochondria, rotenone (400 nM)
to block the ETC and the production of ROS, and oligomycin
(5 mM) to block reverse-mode consumption of ATP by the
ATP synthase. The ROC cocktail uses low concentrations of
the three components and is thus able to produce rapid and
complete mitochondrial depolarization without increased
ROS generation (Fig. 3) and without causing rapid ATP con-
sumption. ROC acts very rapidly to dissipate DJm (within
20 s). After complete mitochondrial depolarization, there is
a pedestal of TMRM fluorescence (FTMRM) that remains in
intact cells. This, however, is not due to TMRM in the mito-
chondria but arises from retention of the TMRM in the
cytosol. Indeed, cell membrane permeabilization following
mitochondrial depolarization by ROC resulted in complete
loss of the residual FTMRM (Fig. S5).
ROS production following ROC treatment did not appear
to increase because no increase in DCF fluorescence slope
(see Methods) was observed (Fig. 3, A–C). Ca2þ sparks are
unchanged in frequency, amplitude, or other characteristics
(Fig. 3 D and Fig. S4). Fig. 4 shows that when cells produce
electrically evoked [Ca2þ]i transients (measured using
60 mM Fluo-4 pentapotassium salt) under voltage-clamp
conditions, the [Ca2þ]i transients are not significantly altered
following mitochondrial depolarization (Fig. 4 and Fig. S6).
We conclude that the anticipated increase in Ca2þ spark and[Ca2þ]i transient amplitudes (7) are not seen and one must
conclude that only a small amount of Ca2þ enters and exits
the mitochondria during a physiological [Ca2þ]i transient
(see Discussion and (6)). Although this conclusion is sup-
ported by recent quantitative measurements of [Ca2þ]m
(see (23)), here we further test this hypothesis in a manner
that does not require calibration-related assumptions.Mitochondrial Ca2D measurements in intact
cardiomyocytes
[Ca2þ]mmeasurements were carried out using the genetically
encoded, mitochondrially targeted [Ca2þ]m sensor, MityCam
(see Methods and (23,35)) and TMRM was used to report
DJm (see Fig. 5 A). MityCam-expressing cells were scanned
every 1.5 seconds to depolarize the mitochondria by photonBiophysical Journal 107(6) 1289–1301
AB C
FIGURE 4 [Ca2þ]i transients in cardiac ventric-
ular myocytes without polarized mitochondria.
(A) Confocal line-scan images acquired from a
voltage-clamped rat ventricular myocyte (whole-
cell mode) simultaneously loaded with TMRM
and 60 mM Fluo-4 K. [Ca2þ]i transients were elec-
trically elicited by two trains of voltage pulses
applied at 0.5 Hz and separated by a rest period;
with each pulse the membrane potential was step-
ped from a holding potential of 80 mV to 0 for
100 ms. The pharmacological treatment to dissi-
pate DJm is carried out during the rest period.
(B) [Ca2þ]i transients measured as DF/F0 before
(black, n ¼ 13 cells), after the pharmacological
treatment (red, n¼ 7 cells), and at Train-2 in exper-
iments done without depolarizing treatment (blue,
n ¼ 6 cells). (C) DJm at the four time points
(t1, t2, t3, and t4) indicated in Fig. 4 A. Statistical
comparisons indicate p-value <0.05 when com-
pared to FTMRM at t1.
1294 Boyman et al.stress. As noted earlier, within the observed confocal plane,
mitochondria appear to depolarize individually and probabi-
listically and this can be seen in the sequential images during
the time course of depolarizations (Fig. 5B). Thus, individual
mitochondria are imaged using our methods. If an apparent
single mitochondrion that spans the region between Z-disks
depolarizes as a unit, it is deemed to be a single mitochon-
drion. With this system, [Ca2þ]m can be followed in individ-
ual mitochondria as they depolarize. We show the individual
mitochondrial tracking method in Fig. S7. Thus, from each
mitochondrion, there are two simultaneously recorded
time-dependent fluorescence records: FMityCam and FTMRM
reporting on [Ca2þ]m and DJm, respectively. The group of
mitochondria in an ROI depolarize over a 40 s period under
our conditions, and, although aligned with respect to the
time of depolarization, the changes in individual mitochon-
drial [Ca2þ]m are blurred when viewed together (Fig. 5 C).
Note that the midpoint of the DJm depolarization, taken as
the time at which FTMRM has decreased to half, was used to
do the alignment. However, when individual mitochondrial
records are examined a clear relationship of how [Ca2þ]m
changeswith depolarization emerges. Two-thirds of themito-
chondria showno change in [Ca2þ]mwith depolarization (n¼
17 cells, Fig. 5D). This means that [Ca2þ]m in quiescent cells
is not discernibly different from [Ca2þ]i or ~100 nM. A third
of the mitochondria show a small loss of [Ca2þ]m upon depo-
larization suggesting that their [Ca2þ]m is somewhat higher
than [Ca2þ]i. When this same experiment is repeated in
Ca2þ-free solution (n¼ 11 cells), the individualmitochondria
show no change in [Ca2þ]m as evidenced by lack of changes
in FMityCam seen in the ROI upon depolarization (Fig. 5, C
and D). Taken together, our estimation of [Ca2þ]m is consis-
tent with recent [Ca2þ]m measurements showing a global
resting [Ca2þ]m of ~135 nM under quiescent conditions (23).Biophysical Journal 107(6) 1289–1301Contextualizing mitochondrial Ca2D uptake
The results presented here suggest that Ca2þ acquired by
mitochondria during either systole or diastole, although crit-
ical for regulation of energy production, is not large enough
to affect [Ca2þ]i signaling in the normal heart cell under
physiological conditions. If this is true, quantitativemeasure-
ments of mitochondrial Ca2þ influx in the heart should then
reflect a small net movement of Ca2þ into the mitochondrial
matrix during systole and a small loss during diastole. In
Fig. 6 A, measurements of Ca2þ influx into mitochondria
are shown as solid gray circles. These data are taken from
studies by diverse investigators who report values of Ca2þ
influx intomitochondria and how influx depends on cytosolic
[Ca2þ]i, the data have been analyzed and normalized by
Williams et al. (6). The Ca2þ influx data presented were
measured either in suspensions of isolated cardiac mitochon-
dria or in whole cardiac cells. The range of [Ca2þ]i shown in
Fig. 6A (i.e., 100 nM to 20 mM) represents the range of phys-
iological [Ca2þ]i seen in the microdomains near the ends of
the intermyofibrillar mitochondria where changes in [Ca2þ]i
are the most dynamic in cardiac ventricular myocytes. The
red line represents the physiological uptake when MCU ac-
tivity is balanced by the mitochondrial Naþ/Ca2þ exchanger
(NCLX) activity (36), a detailed descriptions of MCU and
NCLX formulation are found in the Supporting Material.
For comparison, three different uptake conditions are
compared to the physiological uptake curve (red line) by
assuming the MCU has 10 times (blue curve), 100 times
(green curve), and 1000 times (magenta curve) the measured
conductance. In addition, for reference, Ca2þ transport into
the SR (by SERCA2a) and Ca2þ efflux across the sarco-
lemma (by NCX), taken from (37), are also shown. The
ensemble of mitochondrial Ca2þ uptake results shown in
AB
C D
FIGURE 5 Spatially resolved effect of DJm on [Ca
2þ]m. (A) Confocal
images of a ventricular myocyte 48 h after infection with Ad-MityCam,
shown are MityCam fluorescence (left), TMRM fluorescence (middle),
and overlay (right). The cell region subjected to prolonged laser illumina-
tion is also marked (white box; inset) (B) The marked region in A was
repeatedly imaged with the 488 nm and 543 nm lasers, sequentially
(1.57 s/frame). MityCam (top) and TMRM (bottom) signals at four different
time points. Time-dependent plots on the right are the fluorescent measure-
ments from the regions indicated by dashed lines. (C) Spatially resolved
signals of individual mitochondria are aligned with respect to the time of
50% decay in FTMRM, shown is the time course of normalized changes in
FMityCam. Experiments were done either at [Ca
2þ]i ¼ 100 nM (solid circles,
n ¼ 17 cells) or at [Ca2þ]i ¼ 0 nM (triangles, n ¼ 12 cells, for more details
on how cellular Ca2þ is depleted see Fig. S7). (D) [Ca2þ]m changes in both
conditions upon depolarization (10% increase in FMityCam is a significant
[Ca2þ]m decrease). For more details about the experimental and analytical
procedures see Fig. S7.
A
B C
FIGURE 6 Mitochondrial Ca2þ uptake and its influence on simulated
Ca2þ sparks and [Ca2þ]i transients. (A) Mitochondrial Ca
2þ fluxes as a
function of [Ca2þ]i. Solid gray circles represent cardiac uptake rates re-
ported in the literature (compiled in (6)). The red line represents theoretical
formulations for mitochondrial Ca2þ fluxes for normal (1X) conditions (see
(6)). For comparison, a 10X, 100X, and 1000X scaling of the mitochondrial
Ca2þ fluxes are shown in blue, green, and magenta, respectively. Also
shown are representative Ca2þ fluxes mediated by the sarcolemmal Naþ/
Ca2þ exchanger (NCX, dashed black line) and the sarco/endoplasmic retic-
ulum Ca2þ-ATPase (SERCA, black line). (B and C) Simulations showing
the influence of scaling mitochondrial Ca2þ fluxes on Fluo-4 fluorescence
profiles (as DF/F0) during Ca
2þ sparks (B) from a quiescent cell (similar
to Fig. 1 D) and during steady-state [Ca2þ]i transients (C) from a paced
cell (similar to Fig. 4 B). See the Supporting Material for more details.
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in intact cells that indicate very little Ca2þ is acquired by
mitochondria even when briefly exposed to high microdo-
main [Ca2þ]i. Nevertheless, it seems reasonable to estimate
how much mitochondrial Ca2þ influx there would have to
be to change Ca2þ sparks and [Ca2þ]i transients.Insights into the influence of mitochondrial Ca2D
uptake on cytosolic [Ca2D]i signals from a
computational model
To investigate what influence mitochondria might have
on [Ca2þ]i transients and Ca
2þ sparks, we integrated themaximal uptake fluxes shown in Fig. 6 A (red, blue, green,
and magenta lines) along with a NCLX formulation (36)
into existing cardiac Ca2þ signaling models (37–39). Of
importance, our model shows that when mitochondrial
Ca2þ uptake was removed from the system (0X) and when
uptake was normal (1X) or even increased substantially
(10X), the effect on the amplitude or shape of the simulated
[Ca2þ]i transient or Ca
2þ sparks was negligible (Fig. 6, B
and C). Note that MCU Ca2þ flux must be at least 100-
fold greater than the maximal uptake measured experimen-
tally (Fig. 6 A) before the simulated [Ca2þ]i transient
or Ca2þ sparks are visibly altered (Fig. 6 B). When MCU
Ca2þ influx is scaled 1000-fold greater not only is the
[Ca2þ]i transient drastically smaller but there is significant
Ca2þ released from the mitochondria via NCLX (followingBiophysical Journal 107(6) 1289–1301
1296 Boyman et al.MCU uptake) causing alterations in the decay phase of
both [Ca2þ]i transients and Ca
2þ sparks (magenta lines).
Although simple in nature, we believe the computational
modeling shown here provides compelling evidence
regarding how large mitochondrial Ca2þ uptake must
become before it is likely to significantly influence Ca2þ
signaling dynamics.DISCUSSION
Conventional wisdom is that mitochondria serve as impor-
tant dynamic Ca2þ buffers during excitation-contraction
coupling (7,9,13,22). Here, we have tested this concept by
examining the influence of mitochondria on both Ca2þ
sparks and cytosolic Ca2þ signals in isolated ventricular
myocytes. We have systematically turned off mitochondrial
function and measured the effects of such mitochondrial
depolarization on cytosolic and mitochondrial Ca2þ concen-
trations ([Ca2þ]i and [Ca
2þ]m, respectively). The cardiac
ventricular myocyte would seem to be an ideal environment
for such investigation for three reasons. First, out of all
mammalian cell types the cardiac ventricular myocyte has
the largest density of mitochondria (comprising roughly
33% of the cell volume). Second, the ends of the IFM are
very close to the jSR (14,32). The IFM ends are thus within
Ca2þ microdomain hotspots where the local [Ca2þ] rises to
between 10 and 20 mM with each [Ca2þ]i transient or local
Ca2þ spark, albeit briefly (~10 ms) (6,37–39). Third, the
IFM spans the sarcomere with a length of ~1.5 mm
(40,41). They can thus be resolved optically as they are
depolarized by TMRM-mediated photon stress (see Fig. 5,
Fig. S1, and Movie S1). When these advantages are ex-
ploited, our findings do not support the conventional wis-
dom but instead suggest that net transfer of Ca2þ from the
cytosol to the mitochondria during SR Ca2þ release is small.
Although contrary to the conventional wisdom, our conclu-
sions in this work are in line with recent evaluations of quan-
titative investigations and analyses of other investigators
who have examined mitochondrial Ca2þ uptake fluxes using
diverse methods in diverse tissues (see (6,42)). Furthermore,
our findings are consistent with the most recent quantitative
measurements of [Ca2þ]m transients and levels using genet-
ically encoded fluorescent reporters (23). Nevertheless,
when compared to previous studies, our work raises a num-
ber of important and controversial points regarding the inter-
play of ROS, mitochondria, and Ca2þ signaling, which are
discussed in detail below.Quantitative Ca2D influx into mitochondria
The work presented here suggests that although heart rate-
dependent increases in both diastolic and systolic [Ca2þ]m
occur under physiological conditions, the Ca2þ influx is
dwarfed by SR and sarcolemmal Ca2þ fluxes as earlier
reported (26,43–45). How these numbers change underBiophysical Journal 107(6) 1289–1301diverse physiological and pathological conditions remains
an area of active study. Initial Ca2þ uptake by mitochondria
is similar in the absence of phosphate (46,47) and in physi-
ological levels (~2 mM) of phosphate (48,49). In any case
there is a consensus among investigators that [Ca2þ]m is a
critical regulator of mitochondrial function. Recent work us-
ing a newly developed MCU knockout mouse (in a C57BL/6
background) challenges the role of MCU as a unique mito-
chondrial Ca2þ entry pathway (4,50). Briefly, the MCU/
mice were largely normal and exercise tolerant but were
smaller than the native C57BL/6 mice. Very small increases
in [Ca2þ]m were observed with large elevations of extrami-
tochondrial Ca2þ in the isolated mitochondria from
MCU/mice. These mitochondria also appeared to be pro-
tected from extramitochondrial Ca2þ dependent mPTP
openings. Many questions remain to be investigated in this
mouse model: how much Ca2þ enters and exits the mito-
chondria during normal function? Is NCLX is downregu-
lated? How does the mouse genetic background (e.g.,
CB7BL/6 vs. CD1 vs. some other inbred strain) affects the
consequences of MCU knockout on the health and viability
of the mouse?Cytosolic and mitochondrial ROS
Potential enzymatic sources of ROS include the mitochon-
drial ETC, xanthine oxidase, lipoxygenase, uncoupled nitric
oxide synthase, and NADPH oxidases (51). Under physio-
logical conditions, this ROS is continuously neutralized
by superoxide dismutases, catalase, peroxiredoxins (Prxs),
and glutathione peroxidases (GPx), as well as numerous
nonenzymatic antioxidants such as glutathione, vitamin C,
and vitamin E (51,52). Although ROS likely do not diffuse
very far due to their high reactivity with proteins, lipids, and
nucleic acids, ROS that may leak out of the mitochondria
into the cytosol is therefore rapidly reduced. Consequently,
the net ROS load in the cytosol due to mitochondrial pro-
cesses is thought to be low, though not quantitatively known.
In this study, we used mitochondrially localized TMRM and
laser stimulation to produce ROS to depolarize mitochon-
dria. If spontaneous, transient depolarizations of the mito-
chondria are a genuine biological phenomenon (30,53,54),
then our findings here suggest that they are likely rare under
physiological conditions in freshly isolated cardiomyocytes.
Within the region subjected to photon stress (i.e., ROI-1)
individual mitochondria depolarized stochastically and
irreversibly (see Movie S1), but elsewhere in the cell mito-
chondria remain polarized through the time course of the ex-
periments (~3 min). According to the DCF fluorescence
signal (see Fig. 2), the ROS produced within the depolarized
region rose sharply (see ROI-1 in Fig. 2), this rise of ROS
was spatially confined, did not produce a cell-wide homoge-
neous increase of ROS, and the ROS levels were profoundly
lower in a cell region of that same size 18–20 mm away from
ROI-1 (i.e., ROI-2). In this regard several other studies
Calcium Movement In Cardiac Mitochondria 1297(29,30,55) used a similar approach to depolarize mitochon-
dria, but have left it unclear whether the observed effects on
Ca2þ sparks are due to ROS or the loss of mitochondrial
Ca2þ uptake, or both. Our data suggest that these effects
are predominantly due to ROS, because Ca2þ sparks origi-
nating from jSR next to polarized mitochondria are also
affected (i.e., ROI-2). Moreover, the ROC cocktail was
used to depolarize mitochondria without changing the
ROS levels. In this case the acute loss of mitochondrial
Ca2þ uptake had no significant effect on Ca2þ sparks and
[Ca2þ]i transients.Mitochondrial Ca2D uptake placed in perspective
A significant amount of work over the past 40 years has
conclusively shown that mitochondria can sequester extra-
mitochondrial Ca2þ into the mitochondrial matrix. We
recently surveyed these investigations for a perspective in
PNAS (6), and performed a quantitative analysis of the
magnitude of mitochondrial Ca2þ uptake across various spe-
cies and tissues. We drew two clear conclusions related to
mitochondrial Ca2þ uptake in heart: 1), Compared to other
cytosolic Ca2þ extrusion mechanisms (e.g., SERCA and
NCX) mitochondrial Ca2þ uptake is relatively small and
therefore unlikely to alter [Ca2þ]i significantly on a beat-
to-beat basis. 2), MCU appears to be dynamically regulated
by [Ca2þ]i and under normal conditions MCU PO is low but
can increase significantly during prolonged exposure to high
[Ca2þ]i. It is important to note, however, that even small
mitochondrial Ca2þfluxes can significantly alter cellular
metabolism and markedly increase [Ca2þ]m under certain
conditions. Furthermore, the ability of mitochondria to alter
[Ca2þ]i under pathophysiological conditions represents an
important area for future investigation.MCU and NCLX and pump-leak balance
The main mitochondrial Ca2þ influx pathway is the MCU.
As noted by Boyman et al. (36), in the heart, Ca2þ extrusion
from mitochondria is primarily mediated by the mitochon-
drial NCLX (56). In the steady state, with each heartbeat
the total amount of Ca2þ that enters via the MCUmust equal
the amount extruded by NCLX. Although this means that
net Ca2þ movement across the IMM over the entire time
course of a heartbeat should be approximately zero, the
Ca2þ fluxes via MCU and NCLX do have different dy-
namics. As a result, small transient increases in [Ca2þ]m
occur during each heartbeat. The magnitude and dynamics
of this [Ca2þ]m transient, and its effects on Ca
2þ-dependent
mitochondrial processes (e.g., ATP production) are not well
characterized. Quantitative measurements of [Ca2þ]m sug-
gest that a [Ca2þ]i transient only results in a small
[Ca2þ]m transient of <30 nM (23,57). In other studies,
where [Ca2þ]m was not calibrated, it was nonetheless
concluded that in accordance with the proposed role of themitochondria as a dynamic buffer of [Ca2þ]i, large and
fast changes of [Ca2þ]m should occur normally (9,58). In
either case, if the balance between MCU and NCLX fluxes
is disrupted, Ca2þ accumulation within the mitochondrial
matrix should occur. This could be the normal result of an
increase of the heart rate, and the resulting increase in the
time averaged [Ca2þ]i, but it could also be a result of various
stress conditions and/or pathologies (59). At this time, a
large body of evidence suggests that when [Ca2þ]m is abnor-
mally high it leads to opening of the mPTP and dissipation
of DJm, which powers ATP production and drives Ca
2þ
entry into the mitochondrial matrix (60). The opening of
mPTP has also been shown to depend on other intracellular
and matrix factors (e.g., pH and ROS) (61), and it is not
clear under what circumstances [Ca2þ]m together with these
other factors would lead to opening of mPTP. In this regard,
previous (60) and more recent reports (62) suggest that
[Ca2þ]m overload and catastrophic opening of mPTP may
be the trigger that initiate myocardial cell death, and is
therefore a primary mechanism underlying the deleterious
outcome of ischemia reperfusion injury to the heart. How-
ever, recent evidence from the experiments with the
C57BL/6 MCU/ mice challenge this view (4), and sug-
gest that the vulnerability of the heart muscle to ischemia
and reperfusion may arise from a pathological process that
do not depend on MCU and mPTP.Quantitative uncertainties
Although large Ca2þ influxes into mitochondria have been
suggested to occur under physiological conditions, quantita-
tive measurements across species and tissues report that the
influxes are modest (6) and thus in support of the experi-
mental findings we have presented here. Nevertheless,
recent and classic experiments also suggest the fluxes may
depend on many circumstances. Electron microscope probe
analysis by Isenberg and colleagues (10) suggest large beat-
to-beat fluxes but these findings may be misleading due to
local subspace cytosolic Ca2þ contamination and elevated
diastolic [Ca2þ]i (63). Indeed, other investigators using the
same methods suggest that this flux is small (64–66). Within
heart cells dynamic mitochondrial Ca2þ fluxes could depend
on the species (67). The suggestions that beat-to-beat mito-
chondrial Ca2þ fluxes are large include those that are
nonquantitative (7) and those that use dyes with likely
cytosolic signal contamination (e.g., Fluo-3, Rhod-2, etc.)
(68,69). See also reviews by Dedkova and Blatter (63,70),
Griffiths (67,71), and Rizzuto et al. (72). The impor-
tance of more quantitative experiments is highlighted by
voltage-clamp experiments in guinea pig ventricular myo-
cytes. Isenberg et al., 1993 (10) reported that the amplitude
of the [Ca2þ]i transient doubles following exposure of
the cell to mitochondrial uncoupling agents (i.e., DNP or
FCCP). Much smaller but similar effects were reported later
by Maack et al. (9), where Ru-360 was used to preventBiophysical Journal 107(6) 1289–1301
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study by Kohlhaas et al. (73), Ru-360 had no significant
effect on the amplitude of the cytosolic [Ca2þ]i transient.
Additionally, the rapid Ca2þ buffering power in the mito-
chondrial matrix of intact heart muscle cells under physio-
logical conditions remains uncertain. Therefore, it is
unknown how much Ca2þ will become bound to buffers
once inside the matrix, making it difficult to infer total
Ca2þ movement (i.e., Ca2þ fluxes) from free Ca2þ in the
matrix ([Ca2þ]m) alone. Based on relative flux measure-
ments, the rapid Ca2þ buffering power was estimated to
be between 33:1 and 100:1 (bound/free) (23), similar to
the 100:1 of the cytosol (74). Others (75) inferred from
prior studies with rat liver mitochondria that it is closer
to 100:1. Conversely, using isolated cardiac mitochondria,
Wei et al. (76) suggested that the buffering power is dy-
namic when preconditioned by prior exposure of mitochon-
dria to high [Ca2þ]i, and can rise from low levels (i.e., 10:1)
to extremely high levels (i.e., 30,000:1). The continuing
uncertainty in these important quantitative measures suggest
that additional quantitative measurements are needed for
both physiological and nonphysiological conditions.Methodological diversities
Fundamental differences exist between MCU knockdown,
knockout, silencing, overexpression, and pharmacological
treatments such as ours. However, we believe that acute
halting of uptake while accounting for conflicting factors
such as ROS, ATP, etc., as we do here, is superior to existing
approaches. Also note that the spontaneous Ca2þ oscilla-
tions displayed in neonatal cardiomyocytes used by some
investigators (7) are not easily compared with results from
the controlled whole-cell voltage clamp studies, which use
an acute halting of mitochondrial Ca2þ uptake in adult car-
diomyocytes as presented here. Although both approaches
use Ca2þ-sensitive fluorescent dyes to measure [Ca2þ]i sig-
nals, our [Ca2þ]i transients were measured using 60 mM
Fluo-4 pentapotassium salt (Fluo-4 K), however, Drago
et. al. (7) used bath loading of 2.0 mM of the AM ester
form of the Ca2þ indicator Fluo-4 (Fluo-4 AM). This makes
the comparison between our Fluo-4 K loading and the
Fluo-4 AM of (7) a bit more difficult. We have previously
shown that even low external [Fluo-4 AM] (~2 mM, similar
to (7)) can accumulate to over 300 mM [Fluo-4] in the
cytosol ([Fluo-4]i). See Hagen et. al. (77). Therefore, it is
very likely that the studies in (7) actually have higher added
cytosolic Ca2þ buffering due to [Fluo-4]i than our own
Fluo-4 K pipette loading. Please note that the 10 mM
Fluo-4 AM used in our Ca2þ spark studies will not yield
additional accumulation in the cytosol of Fluo-4 com-
pared to loading with 2 mM Fluo-4 AM (see (77)). We
have improved existing pharmacological approaches (see
Table S1) to minimize nonspecific drug effects allowing
the Ca2þ signaling measurements to resume immediatelyBiophysical Journal 107(6) 1289–1301following the halting of mitochondrial Ca2þ uptake. One
limitation of this nongenetic approach is that it is not able
to provide primary information regarding molecular mecha-
nisms, however, it allows for the acute halting of mitochon-
drial Ca2þ uptake while accounting for conflicting factors
(e.g., ATP, ROS, etc.) and allows each cell to serve as its
own control. Additionally, genetic approaches suffer from
the inherent disadvantage of long-lasting genetic alterations,
which may make it difficult to dissect out the quantitative
contribution of mitochondrial Ca2þ uptake from compensa-
tory effects (see below).Mitochondria as indirect regulators of
cellular Ca2D
Our findings presented here strongly suggest that although
the cardiac IFM are in close proximity (~50 nm) to CRUs
and experience localized [Ca2þ]i elevations, this does not
necessarily result in the IFM sequestering large amounts
of Ca2þ from the cytosol. Here, we have used a novel, to
our knowledge, combination of biophysical and pharmaco-
logical tools to acutely inhibit mitochondrial Ca2þ uptake
while carefully monitoring for changes in [Ca2þ]i. Our re-
sults strongly suggest that Ca2þ uptake (on a beat-to-beat
basis or per Ca2þ spark) is modest and insufficient for the
IFM to act as a dynamic buffer of [Ca2þ]i. When compared
to studies where mitochondrial Ca2þ uptake is prevented by
genetic means (i.e., C57BL/6 MCU/ mice or si/shRNA
silencing of MCU) our findings appear to be at odds with
some (7) and in possible agreement with others (2,4). One
possible explanation is that indirect regulation of [Ca2þ]i
by the mitochondria (via altered ATP levels and SR Ca2þ
content) is clouding the results from these studies using non-
acute methods of halting MCU flux, and may in fact be
responsible for any visible alterations in [Ca2þ]i dynamics.
These chronic methods of reducing MCU flux may also
allow for compensatory mechanisms such as transcriptional
changes to develop, which further complicate experimental
observations.
In this context, there are other reports of altered [Ca2þ]i
dynamics following genetic interventions that alter the
mitochondrial proximity to Ca2þ release sites in heart and
in other cells. Recent work has suggested that an outer
mitochondrial membrane dynamin-related GTPase, termed
Mitofusin 2 (Mfn2) is critical for anchoring mitochondrial
and endoplasmic reticulum (i.e., jSR in heart) membranes
together, enabling what is termed endoplasmic reticulum/
mitochondria cross talk. If the spatial coupling of the mito-
chondria to cardiac CRUs is critical for the privileged ex-
change of large amounts of Ca2þ from the cytosol, one
would then expect the absence of Mfn2 to cause large alter-
ations in [Ca2þ]i signals (e.g., larger, faster [Ca
2þ]i tran-
sients). This is indeed what has been found in some
studies (14,78,79), but not in others (32). Unfortunately, in
addition to affecting the influx of Ca2þ into the matrix the
Calcium Movement In Cardiac Mitochondria 1299possible effects of changing other mitochondrial functions
will likely cloud these results making any conclusion
regarding mitochondria and dynamic buffering of [Ca2þ]i
difficult. For example, a growing body of evidence
implicates Mfn2 as a critical protein in the process of mito-
chondrial dynamics. This includes formation of the mito-
chondrial network during postnatal development of the
heart (32,80) and also in mitophagy through its interaction
with two proteins; Pink-1 and Parkin (81). With this in
mind, it seems more likely that the mitochondria primarily
influence [Ca2þ]i signaling by providing the energy (i.e.,
ATP) required for movement of Ca2þ against its electro-
chemical gradient. What is clear however, is that mitochon-
drial defects are likely to alter [Ca2þ]i signaling and lead to
Ca2þ-dependent pathologies.SUPPORTING MATERIAL
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